Most low molecular weight platinum anticancer drugs have short blood circulation times that are reflected in their reduced tumor uptake and intracellular DNA binding. A platinum(IV) complex of the formula c,c,t-[Pt(NH 3 ) 2 Cl 2 (O 2 CCH 2 CH 2 CO 2 H)(O 2 CCH 2 CH 2 CONH-PEG-FA)] (1) containing a folate derivative (FA) at an axial position was prepared and characterized. Folic acid offers a means of targeting human cells that highly overexpress the folate receptor (FR). Compound 1 was attached to the surface of an amine functionalized single walled carbon nanotube (SWNT-PL-PEG-NH 2 ) through multiple amide linkages to use the SWNTs as a "longboat delivery system" for the platinum warhead, carrying it to the tumor cell and releasing cisplatin upon intracellular reduction of Pt(IV) to Pt(II). The ability of SWNT tethered 1 to destroy selectively FR(+) vs FR(−) cells demonstrated its ability to target tumor cells that overexpress the FR on their surface. That the SWNTs deliver the folate-bearing Pt(IV) cargos into FR(+) cancer cells by endocytosis was demonstrated by the localization of fluorophorelabeled SWNTs using fluorescence microscopy. Once inside the cell, cisplatin formed upon reductive release from the longboat oars enters the nucleus and reacts with its target nuclear DNA, as determined by platinum atomic absorption spectroscopy of cell extracts. Formation of the major cisplatin 1,2-intrastrand d(GpG) cross-links on the nuclear DNA was demonstrated by use of a monoclonal antibody specific for this adduct. The SWNT-tethered compound 1 is the first construct in which both targeting and delivery have been incorporated into the same molecule; it is also the first demonstration that intracellular reduction of a Pt(IV) pro-drug leads to the cis-{Pt((NH 3 ) 2 } 1,2-intrastrand d(GpG) crosslink in nuclear DNA.
Introduction
In spite of the clinical success of cisplatin (cis-dichlorodiammineplatinum(II) or cis-DDP), 1-5 there are many occasions when treatment must be discontinued. Drug resistance, acquired and intrinsic, limits the effectiveness of cis-DDP and is manifest as reduced cellular uptake, enhanced DNA repair, drug deactivation, or a combination of these mechanisms. Nanocarriers 6-10 for low molecular weight drugs offer a promising strategy for improving body distribution and prolonging blood circulation. Recently, single-walled carbon nanotubes (SWNTs) have been investigated as carriers in living systems. 11-13 They internalize various cargos in cells, including fluoresceins, plasmid DNA, proteins, and other substances that would not otherwise be taken up, with no apparent side effects. 14-16 Well functionalized nanotubes circulate in the blood with half-lives on the order of a few hours. Nanotube uptake by the reticuloendothelial system (RES) is cleared slowly by biliary pathway and ends up in feces, without showing obvious toxicity in vivo. [17] [18] [19] Because of their extremely low solubility, pristine SWNTs cannot circulate well in biological systems. Their dispersion in biological fluids is achieved by surface functionalization through oxidation, which leaves oxygencontaining functional groups such as alcohols or carboxylic acid, or by the attachment of solubilizing side-chains. 20-25 Once solubilized, SWNTs efficiently cross cell membranes, being taken into the cytosol by endocytosis. 26-28 As a result, various molecules attached to the surface of the SWNT can be internalized. Coupling of macromolecular carriers with a normally endocytosed compound frequently improves its intracellular accumulation.
Recently we demonstrated that functionalized soluble SWNTs can serve as "longboats" to carry Pt(IV) prodrugs into cells through clathrin-dependent endocytosis. 29 The SWNT longboats produce platinum intracellular levels much higher than those for the platinum unit administered in the traditional manner. Efforts to produce potent platinum anticancer drugs have been hindered by inactivation in the body prior to reaching the tumor. Longboat SWNTs provide an opportunity to shuttle platinum compounds safely through this obstacle course and into the cancer cell.
The SWNT longboats also have the potential to carry additional passengers such as tumortargeting components to the cancer cell. Targeted drug delivery systems promise to expand the therapeutic window of platinum complexes, as recently demonstrated for oxaliplatin uptake by colorectal cancer cells via organic cation transporters. 30 Traditional cancer therapy relies on the premise that rapidly proliferating cancer cells are more likely to be killed by a cytotoxic agent. In reality, however, these agents have very little or no specificity, which leads to systemic toxicity, causing undesirable side effects. Therefore, targeted drug-delivery constructs are much desired. In general, a tumor-targeting drug-delivery system consists of a cell surface recognition moiety and a chemical warhead connected directly or through a suitable linker to a delivery system such as a SWNT (Scheme 1). The conjugate itself should be systemically nontoxic and the linker must be stable in blood circulation. Upon internalization into the cancer cell, the conjugate should be readily cleaved to generate the active agent.
A variety of receptors have been identified as markers for carcinomas. Among these is the folate receptor (α-FR), and its substrate folic acid (FA) has the potential to target several types of cancer cells because of its ability to react with this high-affinity, membrane-anchored protein. 31 Moreover, α-FR is overexpressed by a wide variety of human tumors, including ovarian, endometrial, breast, lung, renal, and colon. 32,33 The highest frequency of α-FR overexpression (>90%) occurs in ovarian carcinomas. 34,35 Expression of α-FR on tumor cell surfaces has led to the exploitation of FA as an important ligand for specific targeting by diagnostic or therapeutic cancer cell agents. [36] [37] [38] [39] Carboplatin, cis-[Pt(NH 3 ) 2 (CBDCA-O,O')], where CBDCA is cyclobutane-1,1-dicarboxylate, is a second generation platinum anticancer drug widely used for cancer treatment. 40 Carboplatin has a short blood circulation half-life, which reduces tumor uptake and subsequent intracellular DNA binding. Recent efforts to overcome these shortcomings include conjugation of Carboplatin, linked to FA by attachment to CBDCA at an equatorial site, to a PEG carrier 41 for folate receptor mediated endocytosis (FRME). 42,43 The FA-Pt II -PEG conjugates were taken into the cytosol of tumor cells more rapidly than PEG-Pt conjugates, but the latter afforded twice as many Pt-DNA adducts. Apparently, the endocytosed FA-Pt II -PEG conjugate is sequestered in a compartment like the lysosome where it is separated from the cytosol by a membrane, thereby preventing Pt from reaching its nuclear DNA target.
Platinum(IV) complexes have the potential to overcome these problems. Their octahedral geometry introduces two axial ligands, L 1 and L 2 in Scheme 1, one of which can be attached to a folic acid or other ligand for cellular targeting. The other axial site offers a position for conjugation to a nanocarrier for efficient delivery. Platinum(IV) complexes are prodrugs because they can be reduced in the cytoplasm to unveil an active platinum(II) derivative with concomitant loss of the axial ligands (Scheme 1). 44, 45 The goal of the present study was to utilize the targeting properties of folic acid with the delivery feature of SWNTs to develop a Pt(IV)-SWNT longboat for targeting delivery of cis-DDP upon reduction in the cell (Scheme 1). We therefore designed a Pt (IV) 2 ], 44 and 6-carboxy-2′,7′-dichlorofluorescein-3′,6′-diacetate succinimidyl ester 49 were synthesized as previously described. SWNTs made by a high pressure CO (Hipco) method were purchased and used to construct amine-functionalized SWNTs via nonspecific interactions between the SWNT surface and an amine terminated PEGylated phospholipid (PL-PEG-NH 2 ). 13 Distilled water was purified by passage through a Millipore Milli-Q Biocel water purification system (18.2 MΩ) with a 0.22 μm filter. Nhydroxysuccinimide (NHS), 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC), paraformaldehyde, N,N-diisopropyl-ethylamine (DIPEA), hydroxyethyl starch (HEAS), and succinic anhydride were purchased from Aldrich. HATU [2-(1H-7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyl uronium hexafluorophosphate methanaminium] was purchased from Applied Biosystems. A monoclonal cisplatin 1,2-d(GpG) intrastrand cross-link specific antibody R-C18 was synthesized as previously reported. 50 FITC labeled secondary antibody rabbit anti-(rat Ig) was obtained from Invitrogen. Specific adhesion slides for immunofluoresecence were purchased from Squarix Biotechnology, Marl, Germany. All other solvents and reagents were obtained from VWR International and used as received. 1 H NMR and 195 Pt NMR spectra were recorded on a Bruker AVANCE-400 NMR spectrometer with a Spectro Spin superconducting magnet in the Massachusetts Institute of Technology Department of Chemistry Instrumentation Facility (MIT DCIF). Atomic absorption spectroscopic measurements were taken on a Perkin Elmer AAnalyst 300 spectrometer. LC-MS analyses were performed on an Agilent 1100 series instrument. HPLC analyses were carried out using an Agilent 1200 series instrument. HRMS analyses were performed on a Bruker Daltonics APEXIV 4.7 Tesla Fourier Transform Ion Cyclotron Resonance mass spectrometer in the MIT DCIF. Electrochemical measurements were made at 25 °C on a 263 EG&G Princeton Applied Research electrochemical analyzer with electrochemical analysis software 270 for voltammetric work using a three electrode set-up comprising a glassy carbon working electrode, platinum wire auxiliary electrode, and a Ag/AgCl reference electrode. The electrochemical data were uncorrected for junction potentials. KCl was used as supporting electrolyte. Fluorescence imaging studies were performed with an Axiovert 200M inverted epifluorescence microscope (Zeiss, Thornwood, NY) equipped with an EM-CCD digital camera C9100 (Hamamatsu Hamamatsu City, Japan). An X-Cite 120 metal-halide lamp (EXFO, Quebec, Canada) was used as the light source. The microscope was operated with Volocity software (Improvision, Lexington, MA). A solution of 4,7,10-trioxa-1,13-tridecanediamine (7.5 g, 34.1 mmol) in 1,4-dioxane (100 mL) was treated with BOC-anhydride(3.7 g, 16.9 mL). The mixture was stirred at room temperature for 12 h. The solvent was removed and the resulting yellow oil was purified by silica gel flash chromatography (2-10% MeOH in CH 2 Cl 2 ) to produce the oil 3 in 49% (5.5 g) yield. 1 
Synthesis of H

Synthesis of 4
Folic acid (1 g, 2.26 mmol) was dissolved in 20 mL of dry DMF to which 0.31 g (1.52 mmol) of DCC and 0.257 g (2.26 mmol) NHS were added. The reaction mixture was stirred for 14 h at room temperature in the dark. The by-product, dicyclohexylurea, was filtered off and 100 mL of 30% acetone in diethyl ether was added with stirring. A yellow precipitate formed and was collected on a sintered glass crucible; after washing with acetone and ether several times, the material was used immediately for the next step in the synthesis. Folate-NHS ester (1.2 g, 2.2 mmol) was dissolved completely in 100 mL of dry pyridine and 3 (0.73 g, 2.27 mmol) was slowly added over 30 min. The mixture was stirred at room temperature in the dark for 20 h. After evaporating pyridine, the resulting compound was dissolved in 5 mL of TFA to remove the BOC group. Deprotection was carried out at room temperature for 5 h. TFA was removed under vacuum. The resulting compound was loaded onto a DEAE Sephadex A25 column packed with potassium tetraborate and the compound was eluted with 10-50 mM ammonium bicarbonate. Fractions were collected and lyophilized. Compound 4 was isolated in 72% (1. ] (0.2 g, 0.38 mmol) in DMF (10 mL) was added a DMF solution (0.5 mL) containing HATU (0.217 g, 0.57 mmol). This mixture was stirred for 10 min at room temperature. To the resulting solution was added a DMF solution containing 4 (0.193 g, 0.3 mmol) and DIPEA (0.056 g, 0.432 mmol). The mixture was stirred at room temperature for 24 h in the dark. The DMF was then removed under vacuum to afford a yellow oil. Diethyl ether was added to precipitate a yellow solid, 1. Compound 1 was purified by reprecipitation, dissolving it first in MeOH and then adding diethyl ether. As a final purification, 1 was repeatedly washed with acetone and then isolated as a yellow solid in 51% yield (0.2 g 
Synthesis of c,c,t-Pt(NH
Synthesis of 5
Fluorescein isothiocyanate (FTTC, 0.25 g, 0.64 mmol) was dissolved in dry DMF (2 mL) and 3 (0.266 g, 0.832 mmol) was added. The reaction mixture was stirred at room temperature for 24 h. DMF was removed under vacuum. The residue was purified by silica flash chromatography (5-15% MeOH in CHCl 3 ) to produce 5 in 87% (0.44 g) yield. 1 
Synthesis of 6
To a solution of 5 (0.4 g, 0.56 mmol) in CH 2 Cl 2 (2 mL) was added TFA (5 mL) at 0 °C. The mixture was stirred for 4 h at room temperature. The solvent was evaporated, the oily residue was dissolved in MeOH, and 6 was precipitated as a yellow solid by addition of excess diethyl ether. The solid was washed with diethyl ether several times and dried in vacuo. Compound 6 was isolated in 82% yield (0.28 g). 1 
Synthesis of 2
Compound 6 (60 mg, 0.098 mmol) was added to a solution of folate-NHS ester (54 mg, 0.098 mmol) in pyridine (1 mL), and the mixture was stirred for 24 h at room temperature in the dark. After evaporation of pyridine, the residue obtained was purified by reverse-phase HPLC ( Figure S4 ) using a C-18 column to produce 2 in 21% (23 mg 
Synthesis of SWNT-PL-PEG-NH 2
SWNTs functionalized with phospholipid (PL) polyethylene glycol (PEG)-linked amines (SWNT-PL-PEG-NH 2 ) were prepared by a known procedure. 13 Briefly, raw Hipco SWNTs were sonicated in PL-PEG-NH 2 for 1 h followed by centrifugation (2.4×l0 4 g, 6 h) to remove catalysts and large aggregates. Excess free PL-PEG-NH 2 was removed from the supernatant by ultrafiltration using 100 kDa Millipore filters. The resulting solution contained SWNTs with an average length of about 200 nm as determined by atomic force microscopy. The molar concentration of the functionalized SWNTs was computed by measuring the absorption at 808 nm (ε = 7.9×l0 6 M −1 cm −1 ). The number of amine groups on each nanotube was estimated to be between 50 and 100.
Synthesis of SWNT-Pt(IV) Conjugates, SWNT-Pt(IV)
The synthesis of SWNT-Pt(IV) conjugates was carried out by using standard amide coupling reactions. In a typical reaction, a 1.0 mM aqueous solution of NHS (20 μL) was added to an equal volume of an aqueous 1.0 mM solution of EDC and the resulting solution was allowed to stand at room temperature for 10 min. To this solution was added 0.8 molar equivalents of compound 1 in ddH 2 O (40 μL). After 10 min, a solution of SWNT-PL-PEG-NH 2 was added; the mole ratio of amine-to-Pt was 0.5. The solution was heated to 50 °C for 2 h and then stirred for 12 h at room temperature. The solution was dialyzed against deionized water in a 3500 MW cutoff dialysis cassette for 10 h, changing the water at 5 h. The concentration SWNT-Pt(IV) was subsequently determined by platinum AAS.
Synthesis of SWNT-Pt(IV)-Fl Conjugates
Following the procedure mentioned above, SWNT-Pt(IV) conjugates with an amine-to-Pt ratio of 2:1 were prepared. These conjugates were then allowed to react with a 0.4 mM aqueous solution of 6-carboxy-2′,7′-dichlorofluorescein-3′,6′-diacetatesuccinimidyl ester for 12 h at room temperature. The resulting solution was dialyzed against water using a 3500 MW cutoff dialysis cassette for 12 h and the platinum concentration was determined by AAS.
HPLC Monitoring of Carboxypeptidase-G (CPG) Mediated Cleavage of 4
Carboxypeptidase-G 2 (CPG) digestion was followed by using reverse-phase HPLC. An analytical (VYDAC) C18 column was used at a flow rate of 1 mL/min monitoring absorbance at a wavelength of 285 nm. A solution of 4 (155 μM) was prepared in 150 mM Tris buffer (pH 7.3). An aliquot of this solution was injected into the HPLC system to obtain the time zero peak intensity. To this solution was added carboxypeptidase G (CPG, Sigma, 1 unit) and the resulting solution was incubated at 30 °C for 24 h. The solution was then analyzed by HPLC after 24 h.
Electrochemical Studies of Platinum(IV) Compounds
The platinum(IV) complex 1 was dissolved to a final concentration of 2.0 mM in 0.1 M aqueous KCl buffered with phosphate to either pH 6.0 or 7.4. Cylic voltammetric (CV) measurements were carried out at varying scan rates of 50-300 mV s −1 . The solvent was degassed by several freeze-pump-thaw cycles and measurements were taken under an atmosphere of argon.
Cell Culture
Medium-Cells were cultured in FA-free RPMI medium (RPMI-1640, Invitrogen), with 10% fetal bovine serum, 2 mM glutamine, 50 units/mL penicillin, and 50 μg/mL streptomycin. The concentration of FA in serum-containing FA-free medium is only 3 nM, as opposed to 2.26 μM (1 mg/L) under normal culture conditions. Cells were routinely passed by treatment with trypsin (0.05%)/EDTA. Cell Lines-Human nasopharyngeal epidermoid carcinoma (KB), choriocarcinoma (JAR), and human testicular cancer (NTera-2) cells were cultured in FA-free RPMI for several passages. Cells were passed every 3 to 4 days and reseeded from frozen stocks after reaching passage number 20.
MTT Cell Proliferation Assay
KB, JAR, or NTera-2 cells were seeded in 96-well tissue culture plates and maintained overnight in RPMI medium. Cells were then treated with various concentrations of 1, SWNT-1, or cis-DDP at different concentrations. The plates were incubated for 72 h at 37 °C. The cells were then treated with 20 μL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (5 mg/mL in PBS) and incubated for 5 h. The medium was removed, the cells were lysed by adding 100 μL of DMSO, and the absorbance of the purple formazan was recorded at 550 nm using a Spectra MAX 340PC plate reader.
Cell Fixing Solution
Paraformaldehyde (4.0 g) and NaOH (0.4 g) were dissolved in 100 mL of distilled water. To this solution NaH 2 PO 4 (1.68 g) was added and the pH was adjusted to be in the range 7.5 to 8.0 by adding NaOH.
Fluorescence Sample Mounting Media
For sample mounting, a solution containing 20 mM Tris (pH 8.0), 0.5% N-propyl gallate, and 50-90% glycerol was used.
Fluorescence Microscopy Experiments on KB and NTera-2 Cells
KB or Ntera-2 cells were seeded on microscope coverslips (1 cm) at a confluence of 1600 cells per slip and incubated overnight at 37 °C in FA-free RPMI. The medium was changed and SWNT-Pt(IV)-Fl or 2 was added to a final fluorophore concentration of 1.0 μM. The cells were incubated for 2.5 h at 37 °C. RPMI was then removed and the cells were incubated with fixing solution for 1 h at room temperature followed by three washes with phosphate buffered saline (PBS, pH 7.4). Cells were then permeabilized with 0.1% Triton-X 100 in PBS for 10 min followed by five washes using PBS. Cells were treated with a PBS solution of Hoechst (H33258) (250 μg/L) for 10 min at room temperature for nuclear staining. The cells were then washed three times with PBS followed by 2 washes using Millipore water. They were mounted on microscope slides using the mounting solution for imaging. Images were collected at 500 msec for the DAPI channel and 270 msec for the FITC channel.
Determination of Platinum Concentrations from Cell Extracts
KB cells were grown in FA-free RPMI to greater than 95% confluence in 175 cm 2 flasks. These cells were then treated either with 1 μM 1 or SWNT-1 and subsequently incubated for 3 h at 37 °C. Cells were washed with PBS three times and released by trypsinization into PBS. Solutions containing cells were then centrifuged at 800 × g for 10 min and the cell pellet obtained was resuspended in 100 μL of ice-cold lysis buffer (1.0 mM DTT, 1.0 mM PMSF, 10 mM KCl, 10 mM MgCl 2 , pH 7.5) for 15 min. This process was repeated and finally the pellets were resuspended in 40 μL of ice-cold lysis buffer. The cell membranes were lysed by 10 strokes of a 28 ga. syringe. The resulting suspension was centrifuged at 11,000 × g for 20 min and the cytosolic fraction of the cells was collected as supernatant. The pellet was resuspended in 40 μL of extraction buffer (1.0 mM DTT, 1.0 mM PMSF, 1.5 mM MgCl 2 , 0.2 M EDTA, 0.42 M NaCl, 25% glycerol, pH 7.9) and lysed with 10 strokes of a 28 ga. syringe. The lysate was shaken at 1000 rpm for 45 min at 4 °C and then centrifuged at 20,000 × g for 10 min at 4 °C. The supernatant was collected as the nuclear fraction. Platinum concentrations in all the fractions were determined by AAS. The protein concentration in each fraction was determined by using bicinchoninic acid (BCA) assay. Total platinum concentrations were expressed as nanograms of Pt per microgram of protein.
Immunofluorescence for Platinum 1,2-d(GpG) Intrastrand Cross-link Detection
KB cells were cultured in a six well plate in folate free RPMI and treated with SWNT-Pt(IV) or cis-DDP at a concentration of 1 μM for 12 h. The cells were released by trypsinization and washed with medium followed by PBS. The cells were then resuspended in HAES-sterile-PBS at a density of 1×10 6 per mL. A 10 μL portion of the cell solution was placed onto a pre-coated slide (ImmunoSelect, Squarix) and air dried. The cells were then fixed using methanol at −20°C for 45 min. Samples were washed two times with PBS. Alkali denaturation of nuclear DNA was then performed by using a solution of 60% 70 mM NaOH/140 mM NaCl-40% MeOH at 0 °C for 5 min. After two washes with PBS, removal of cellular proteins was carried out by digestion with pepsin (30 μg/mL) for 10 min at 37 °C followed by treatment with proteinase K (6 μg/mL) for 10 min at 37 °C in a humid chamber. The cells were washed with PBS-0.2% glycin. After blocking with milk (5% in PBS) for 30 min at room temperature, cells were incubated with anti-Pt-1,2-d(GpG) antibody R-C18 50 (0.2 μg/mL) at 4 °C for 12 h in a humid chamber. The cells were then washed with PBS for three times. After blocking for 30 min with milk at room temperature, cells were incubated with FITC-labeled rabbit anti-(rat Ig) secondary antibody at 37 °C for 1 h. After three washes with PBS, cells were treated with a PBS solution of Hoechst (H33258) (250 μg/L) for 10 min at room temperature for nuclear staining. The cells were then washed three times with PBS and mounted using the mounting solution for imaging.
Results and Discussion
Synthesis and Chemical Characterization
The molecular design of the Pt(IV) compound 1 containing both a folate derivative and a succinate with a free carboxylic (Scheme 1) was inspired by the asymmetric Pt(IV) compound [Pt(NH 3 )Cl 2 (OEt)(O 2 CCH 2 CH 2 CO 2 H)] recently reported by us. 29 The folic acid derivative, 4 (Scheme 2), was designed such that the basic requirements for interaction with the folate receptor be maintained. Folic acid contains two carboxylate groups that can be used for conjugation to the Pt(IV) center. Modification of the γ carboxylate group allows conjugation without significant loss of binding affinity for the folate receptor. Folic acid was therefore derivatized at the γ position with a polyethylene glycol (PEG) spacer. Efficient FR binding can be achieved by separating the folate from the Pt(IV) center by a PEG spacer. The mono-BOC protected PEG-amine was prepared by a standard procedure using 4,7,10-trioxa-1,13-tridecanediamine. The synthesis of the folate-γ-NHS ester, illustrated in Scheme 2, was carried out by the procedure reported earlier. 51 The BOC protected folate-PEG-amine was synthesized by reacting mono-BOC protected PEGamine (3) with NHS-folate, as indicated in Scheme 2. A ninhydrin assay was used to follow the progress of the reaction. Folate-PEG-amine (4) was released by a standard BOC deprotection method in the final step.
The isomeric purity of 4 is an important issue for binding to the FR. We used a carboxypeptidase G2 (CPG)-digestion assay 52 to measure the percent of γ-isomer in the folate-PEG-amine 4. CPG is a lysosomal, thiol-dependent protease that hydrolyzes only γ-amides but not the α-isomer. 53 Derivatization of the α-carboxyl group of folate prevents hydrolysis by CPG, but derivatization of the γ-carboxyl has little effect on the enzyme activity. A solution of 4 (155 μM) in 150 mM Tris buffer (pH 7.3) shows two peaks ( Figure S6a ) under HPLC conditions, both giving rise to an m/z peak at 644.3 in their LC-MS spectra. The assignment of the structures of the two isomers of folate-PEG-amine was carried out by CPG hydrolysis. When a solution of 4 (155 μM) in 150 mM Tris buffer (pH 7.3) was tested as a substrate for the CPG enzyme, the minor peak at 11.0 min was unchanged while the peak at 13.5 min was hydrolyzed ( Figure  S6b ). This experiment showed that >90% of the FA residues in conjugate 4 are γ-carboxyllinked. HPLC chromatograms of compound 4 before and after treatment with CPG are available in Figures S6a and S6b, respectively. 3 ) 2 (succinate) 2 Cl 2 ] was used as the precursor in the synthesis of the target Pt(IV) compound. 44 Compound 1 was prepared by amide coupling of one of the succinate groups of [Pt(NH 3 )Cl 2 (O 2 COCH 2 CH 2 ) 2 ] with the free amine group in 4 (Scheme 2). Standard amide coupling protocols using reagents like EDC/NHS, PYBOP-HOBT, or DCC were unsuccessful. After several attempts, we determined that0 HATU/DIPEA could readily furnish 1 in 51% yield. The formation of 1 was confirmed by the presence of the parent ion peak at 1158.1 in the LC-MS ( Figure S3 ).
cis,trans,cis-[Pt(NH
In order to confirm the folate receptor targeting properties of 1, we employed a fluorescein isothiocyanate (FTTC) labeled conjugate of folic acid (FA-PEG-FTTC, 2). This compound allowed us to determine whether a PEG-conjugated folic acid can interact with FR on the surface of a tumor cell by using fluorescence microscopy.
The synthetic route to 2 is given in Scheme 3. The mono-BOC protected PEG amine (3) was coupled to FITC by a thiourea linkage to afford 5, which was deprotected to give 6 containing a free amine. Conjugation of 6 to folic acid by amide coupling was performed by using the activated folate-γ-NHS ester in the presence of HATU/DIPEA to yield the final compound 2.
In the next step we used non-covalently functionalized SWNTs having phospholipid tethered amines on their surface. A polyethyleneglycol chain was introduced between the amine and phospholipid moieties to improve the solubility of the SWNTs and to keep functional groups away from the nanotube surface. The diameters and lengths of the functionalized SWNTs were 1-5 nm and 100-300 nm, respectively. Compound 1 was tethered to SWNTs by EDC/NHS amide coupling (Scheme 4). 29 Platinum atomic absorption spectroscopy (AAS) demonstrated that 1 can be easily attached to the functionalized SWNTs, which can carry a payload of around 82 Pt(IV) units per SWNT. This Pt(IV)-SWNT construct can deliver a significant dose of cisplatin selectively to FR(+) cancer cells, reducing side effects that are often exhibited by the platinum anticancer drugs, especially cis-DDP.
Redox Properties
Since reduction of Pt(IV) complexes inside the cell to release an active Pt(II) species is one of the key steps for their successful utilization in cancer therapy, we determined the reduction potentials of 1 at two different physiological pH values by cyclic voltammetry. An ideal situation for Pt(IV) reduction demands that it be sufficiently stable to travel through the body without decomposition until it reaches a tumor cell and that it have the appropriate reduction potential to be reduced only when inside the cell. Premature reduction in the bloodstream is a serious problem since it both sheds the axial targeting groups and produces a reactive Pt(II) that can become deactivated in plasma and/or produce detrimental side effects. Electrochemical studies of 1 at pH 7.4 and 6.0 revealed behavior characteristic of irreversible loss of the axial ligands. At pH 7.4, a value close to that in blood, the reduction potential of 1 is −0.698 V vs. NHE. At a pH value of 6.0, closer to that in endosomes and lysosomes, 54-56 there is a positive shift by 126 mV in the reduction potential of 1 to −0.572 V vs. NHE.
These potentials were obtained following extrapolation to a scan rate of 0.0 mV sec −1 to account for the irreversible behavior of the reduction processes. 57 Irreversible cyclic voltammetric responses and the linear fits of potentials at different scan rates are presented in Figures S7-S10. Facilitated reduction at pH 6.0 is driven thermodynamically by protonation of the axial carboxylate groups as they depart the platinum coordination sphere. The acidic environment that builds up in and around cancer cells therefore facilitates Pt(IV) reduction. The reduction potential of satraplatin, a Pt(IV) compound currently in clinical trials, is −0.053 V vs. NHE. 58 The instability of satraplatin in blood has been a point of concern for many years. Its halflife of only 35.8 min in blood is a consequence of its relatively high reduction potential at pH 7.4. Compound 1 is expected to be much more stable in blood than satraplatin.
A comparison of the cathodic potentials of 1 at pH 7.4 with those reported for several Pt(IV) compounds is presented in Table 1 . The cathodic reduction potential varies with the electronwithdrawing ability and bulkiness of the axial ligands. 59 The lowest reduction potential of 1 among the Pt(IV) complexes listed in Table 1 might be a consequence of the bulky folate ligand at an axial position.
Ability of 1 to Target and Destroy Folate-Receptor Positive Cancer Cells
The ability of SWNT-tethered 1 to destroy cancer cells was studied by using the MTT assay. In principle, comparison with JAR or KB cells in which the folate receptor had been eliminated, for example by RNA i , would have been more appropriate, but such lines are at present not available to us. NTera-2 cells are, in our experience, among the most sensitive to cisplatin, however, so the comparison may be valid. The superior cell-killing ability of SWNT-1 over 1 in FR(+) KB and JAR cells indicates that the SWNT longboats can deliver their platinum cargos containing a folate homing device selectively to folate receptors overexpressed on the cancer cells. The Pt(IV)-SWNT construct is greater than 8 times more toxic to FR(+) cancer cells, a value that would be significant in a clinical application.
One of the important concerns in the design of conjugated systems is to ensure that the cytotoxic moiety, cis-DDP in this case, releases from the carrier and can reach its ultimate receptor, which is DNA in the cell nucleus in the case of cis-DDP. The reduction potentials together with the IC 50 values demonstrate that our SWNT-1 construct fulfills all the criteria.
Folate Targeted Cell Uptake Studies of FITC Labeled Folate Conjugate (2)
The ability of a FITC-labeled conjugate of folic acid (2) to target FR(+) cells was evaluated by fluorescence microscopy. The results, summarized in Figure 3 , clearly indicate that 2 selectively accumulates in the FR(+) KB cells (upper panel) when compared with uptake in FR(−) Ntera-2 cells (lower panel). Compound 2 concentrates mainly in the cytoplasm of KB cells after 2.5 h of incubation at 37 °C. The conjugate 2, having two moieties, FITC and folic acid, linked by a PEG linker was able to internalize by FRME, indicating that the folic acid moiety in 1, which contains a Pt(IV) center connected to folic acid by a PEG spacer, is suitable for the FRME pathway.
We also investigated the intracellular localization of SWNT-tethered 1 by fluorescence microscopy. We co-tethered a fluorescein-based fluorophore to our SWNT-Pt(IV) conjugate and the results indicated the presence of fluorescent SWNTs in the endosomes, supporting the conclusion that uptake of SWNTs occurs through endocytosis ( Figure S11 ).
Intracellular DNA Adduct Levels
To learn whether or not, once inside cells, platinum is released from SWNT or folate receptors, a platinum localization experiment was performed. Cytosolic and nuclear extracts were collected from KB cells incubated with 1 μM SWNT-1 for 3 h and platinum concentrations were determined by AAS. The nuclear fraction showed a considerable amount of platinum (86 ng of Pt per mg of protein). The level of platinum in the cytosol was comparatively less (11 ng Pt/mg protein). We did not observe any detectable amount of platinum in the cytosol or nucleus of cells treated with untethered 1 under similar experimental conditions. Not only was the cytotoxicity of the SWNT-1 conjugate superior to that of 1 but the latter also attained higher platination levels with nuclear DNA, clearly demonstrating that the cis-DDP moiety is efficiently released from the SWNT and receptor in the cancer cell environment.
Formation of Pt-1,2-d(GpG) Intrastrand Cross-links
The major reaction product of cis-DDP with nuclear DNA is the 1,2-d(GpG) intrastrand crosslink, which occurs in greater than 75% of all adducts. We employed monoclonal antibody R-C18 50 , which is specific for cis-DDP intrastrand 1,2-d(GpG) cross-links, to probe whether cis-DDP released from SWNT-1 forms this adduct with nuclear DNA. In KB cells, after a 12 h treatment with SWNT-1, the presence of the 1,2-d(GpG) intrastrand cross-links was detectable by antibody-derived green fluorescence in the nuclei of the cells (Figure 4) . The Targeted prodrug-delivery system. Synthetic route to 1. Scheme 
3.
Synthetic procedure for synthesizing 2. Synthetic procedure for synthesizing SWNT-1.
